Band positions and intensities for the far-infrared bands of ethyl methyl ether are variationally determined from a three-dimensional ͑3D͒ potential energy surface calculated with CCSD͑T͒/ cc-pVTZ theory. For this purpose, the energies of 181 selected geometries computed optimizing 3n − 9 parameters are fitted to a 3D Fourier series depending on three torsional coordinates. The zero point vibrational energy correction and the search of a correct definition of the methyl torsional coordinate are taken into consideration for obtaining very accurate frequencies. In addition, second order perturbation theory is applied on the two molecular conformers, trans and cis-gauche, in order to test the validity of the 3D model. Consequently, a new assignment of previous experimental bands, congruent with the new ab initio results, is proposed. For the most stable trans-conformer, the 30 , 29 , and 28 fundamental transitions, computed at 115.3, 206.5, and 255.2 cm −1 , are correlated with the observed bands at 115.4, 202, and 248 cm −1 . For the cis-gauche the three band positions are computed at 91.0, 192.5, and 243.8 cm −1 . Calculations on the −d 3 isotopomer confirm our assignment. Intensities are determined at room temperature and at 10 K. Structural parameters, potential energy barriers, anharmonic frequencies for the 3n − 9 neglected modes, and rotational parameters ͑rotational and centrifugal distortion constants͒, are also provided.
I. INTRODUCTION
The correlation between abundance of ethers and alcohols in astrophysical sources has been frequently pointed out, as both compound types are involved in common chemical processes. Thus, it appears reasonable to presuppose the existence of ethyl methyl ether ͑EME͒ in objects where ethanol abundance is significant, in the same way as dimethyl ether and methanol usually coexist. 1, 2 Recently, EME has been tentatively proposed as responsible of some rotational spectral lines observed in hot cores associated with regions of high-mass star formation, where the abundance of ethers such as dimethyl ether, is evident. 1 Before this uncertain detection, EME attracted low attention even though the relevance for radioastronomy and the miss at point of the new instruments for detection, as ALMA, have motivated laboratory measures of rotational spectra of many ethers. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Currently, Fuchs et al. 3 recorded the spectrum for the vibrational-torsional ground state assigning and making predictions of line positions up to 450 GHz, extending the previous assigned frequency intervals of Hayashi and Kuwada, 4 Hayashi and Adachi, 5 and Tsunekawa et al. 6 Kobayashi et al. 7 recorded and analyzed the microwave spectrum in the first skeletal torsionally excited state.
It may be expected that the new radioastronomical instruments will be capable of receiving new signals corresponding to simplest organic compounds favoring their characterization and demanding detailed astrophysical catalogs for their understanding. The observation assignments will require knowledge of the rovibrational spectrum at low temperature at which the first vibrational levels can be populated. However, the complex spectroscopic properties of EME, which display various large amplitude vibrations, make the interpretation of experimental data difficult. For example, three low frequency modes, which intertransform 27 minima separated by feasible barriers, confer nonrigid properties to the molecule. The three vibrations are the O-C 2 H 5 torsion ͑ 30 ͒, the O -CH 3 torsion ͑ 29 ͒, and the C-CH 3 torsion ͑ 28 ͒. On the base of state-of-the art ab initio calculations, we look at the assignments of Durig et al. 14 These authors recorded the Raman and infrared spectra for the gas phase ͑between 35 and 350 cm −1 ͒ and in annealed solids, giving a large amount of information related to the spectroscopy of the molecule.
It is commonly accepted that ab initio calculations can help experimental research if the level of the theory is high enough, as occurs with the size-consistent couple cluster theory ͓CCSD͑T͔͒ applied to monoconfigurational systems. 15 For nonrigid molecules, the theory can help in understanding many aspects related to the effects of barriers on the splitting of the levels. [16] [17] [18] To take all these effects into consideration, the torsional spectrum of EME is studied, in this paper, from a CCSD͑T͒ three-dimensional potential energy surface ͑3D-PES͒ and a flexible variational model. The 3D-PES determia͒ Author to whom correspondence should be addressed. Electronic mail: senent@damir.iem.csic.es.
nation ͑12 atoms; 181 optimized geometries + zero vibrational energy correction͒ has carried out a large computational effort. We would like to remark that the few previous theoretical studies of EME have been performed at lower levels of theory dealing with a reduced number of geometries. Furthermore, simpler one-dimensional model ͑for ethyl group torsion͒ 14 or two-dimensional models ͑for the two methyl groups͒ 3, 19 were employed. In the current work, we include interactions among the three internal rotations.
Variational spectroscopic parameters are compared with the available experimental data and with the results obtained in this work using second order perturbation theory ͑PT2͒ from ab initio anharmonic force fields. 20 The results allow us to propose a new assignment of the far-infrared ͑FIR͒ bands measured by Durig et al.
14

II. COMPUTATIONAL DETAILS
The search of the minimum energy geometries has been performed at the CCSD/cc-pVTZ level. The 3D-PES, depending on the three torsional angles, has been determined from the CCSD͑T͒/cc-pVTZ electronic energies of a grid of 181 selected geometries. For all the structures, 3n − 9 internal coordinates have been optimized at the CCSD/cc-pVTZ level. CCSD/cc-pVTZ harmonic fundamentals and MP2/ccpVTZ anharmonic fundamentals have been computed using the algorithms implemented in GAUSSIAN 03. 21 The 3D variational calculation of the torsional band positions and the corresponding band intensities have been calculated with our code ENEDIM 22 developed for the study of acetic acid. 23 All the calculations have been performed in our high performance system GRID and CESGA computational facilities.
III. DISCUSSION AND CONCLUSIONS
A. Equilibrium geometries EME presents three torsional modes which are responsible for the nonrigid properties of the molecule, the O-C 2 H 5 torsion ͑ 30 ͒, the O -CH 3 torsion ͑ 29 ͒, and the C-CH 3 torsion ͑ 28 ͒. We call ␣, 1 , and 2 the three corresponding vibrational coordinates ͑see Fig. 1͒ . The analytical form of the 3D energy surface may be expressed as a 3D Fourier series,
The level of ab initio calculations has been selected by Figure 2 displays the variation in the total electronic energy with the ethyl torsion. For each isomer, the internal rotation of the two methyl groups, 1 and 2 , defines nine minima and produces a characteristic egg-box shape for the PES. Table I shows the structural parameters and the equilibrium rotational constants of the two isomers. To avoid steric interactions, the ethyl group rotation carries out a significant skeletal deformation especially visible for the C4C2O1 planar angle which varies 5°during the rotation ͑from 108.6°at the trans-form to 113.5°at the gauche-form͒. A minor variation in the molecular center of mass and a minor molecular deformation accompany the methyl group torsion. The most important parameters for radioastronomy, the rotational constants, have been calculated to be 28 341.5, 4193.2, and 3921.5 MHz for trans-EME and 15 993.7, 5223.6, and 4546.3 MHz for cis-gauche-EME. Both structures are near prolates although the antisymmetric character augments in the cis-gauche-form.
In Table II , we compare the energy barriers calculated at the CCSD͑T͒ + ZPVE level with the other ones determine in the present work with the Möller-Plesset theory and with those of Durig et al.
14 obtained by fitting observed frequencies. These last barriers have been determined using a onedimensional effective Hamiltonian that averaged many properties. Thus, since the model employed for their determination is not similar to our model, they are not quantitative comparable to our parameters, although they give an idea about the correct order of magnitude. For example, our ⌬H ͑484 cm −1 ͒ has been obtained optimizing 3N − 6 coordinates for both conformers, not in one dimension. However, it is evident how the zero point vibrational energy ͑ZPVE͒ correction approaches the corresponding value in Ref. 14 because of the collective effects considered in the effective Hamiltonian. In the table, we detailed the definitions employed for the torsional barriers. As is shown in Ref. 24 , an enlargement of the cc-pVTZ basis set does not change the torsional barrier significantly ͑see Fig. 3͒ .
B. Vibrational anharmonic force field
If tunneling splittings are negligible, then the anharmonic analysis based on the FG formalism and PT2 is a good approximation for the determination of vibrational transition connecting levels lying close to the PES minima. For us, it represents a helpful method to provide preliminary information about the vibrational interactions between torsions and vibrations neglected in our 3D model. 21 The effects of the vibrational resonances are only noticeable for the ͑vvЈvЉ͒ = ͑110͒ torsional level and few combination bands involving torsion and other low frequency modes ͑CH 3 rock and COC bending͒. The few and small significant displacements assure that torsional modes may be treated independent of the remaining vibrations. Furthermore, the x ij ͑i Ͻ 28; j Ͼ 27͒ anharmonic constants can be also employed to test the validity of the reduced 3D model and the coordinate independence. For trans-EME, few interaction constants are significant: x 2917 = 5.743 and x 2827 = 5.453 ͑in cm −1 ͒; for the cis-gauche-EME, the largest ones are x 2230 = 3.760, x 2629 = −4, x 2628 = −4.128, and x 2729 = 5.566 ͑in cm −1 ͒. The determination of a fourth-order anharmonic force field for a molecule with 12 atoms, as is EME, represents a large computational effort. For this reason, we provide in Table IV the harmonic MP2, anharmonic MP2, and harmonic CCSD fundamentals for the 3n − 9 vibrations. For their relevance to this paper, the torsional band positions are presented in Table V , where we compare them with the variational calculations described in further sections. All the results are compared with the experimental data from Durig et al., 14 observing a good correlation between experiments and calculations.
C. The FIR spectrum
Torsional energy levels were calculated variationally by solving a pure torsional Hamiltonian depending on three coordinates. Thus,
Here, B ij represents the G kinetic energy matrix vibrational elements expressed in cm −1 ; V, VЈ, and V ZPVE are the 3D-PES, the Podolsky pseudopotential, and the ZPVE, respectively. All the parameters transform as the totally symmetric representation of the G 18 nonrigid group. 25 The 3D-PES has been computed from the CCSD͑T͒/ccpVTZ energies of a grid of 181 selected geometries determined by optimizing 3n − 9 at the CCSD/cc-pVTZ level of theory. The kinetic energy parameters and the ZPVE have been calculated for each structure and fitted to a triple Fourier series formally identical to Eq. ͑1͒. The expansion coefficients for the parameters are published as supplementary material. 26 The ZPVE correction allows to one consider vibrational effects derived from the interactions with the neglected 3n − 9 coordinates, which are partially taken into consideration during the geometry optimization. For saving computational expenses, ZPVE has been determined with MP2/cc-pVTZ because very small advantage may be expected from CCSD theory.
An original set of 148 geometries has been selected for specific values of the three C4C2CO1C3, H7C3O1C2, and H10C4C2O1 dihedral angles, comprised of 180°and 0°. For C4C2O1C3, which defines the ethyl torsion, the grid interval was 20°. For the methyl coordinates, we choose four values ͑180°, 90°, Ϫ90°, and 0°͒, in which one of the hydrogens is forced to lie in the molecular plane or perpendicular to it, following the recommendation of Smeyers and Villa 27 to [27] [28] [29] [30] In a complex molecule as EME, methyl groups present slightly distorted C 3v structures, whereas the "dynamical C 3v symmetry" is preserved during the torsional motion generating the PES threefold periodicity. If this problem is not well treated, an artificial symmetry break is added during the 3D-PES calculation because one dihedral angle corresponding one to of the methyl hydrogen atom should be frozen ͑H7C3O1C2 or H10C4C2O1͒, whereas the remaining hydrogen dihedral angles are allowed to be relaxed to complete a set of 3n −9 optimized coordinates. The different ways of treating the methyl hydrogen introduce a numerical error minimizable for planar molecules with the well fundamental geometry selection of Smeyers and Villa, 27 the coordinate definition of which produces slightly low energies and fails for nonplanar structures.
Recently, 30 we have completed a rigorous new study of the problem. Symmetry criteria have been applied to obtain a correct definition of the torsional coordinate. Thus, for example, for the first methyl group, the three angles, ␥ 1 = H7C3O1C2, ␥ 2 = H8C3O1C2, and ␥ 3 = H9C3O1C2 are used to perform linear combinations of internal coordinates and to define the torsional coordinate 1 and two deformation coordinates ␣ 1 and ␣ 2 ,
The application of this definition, which has a clear physical meaning, presents serious practical problems given the lack of available optimization methods for high level of ab initio theory when linear combinations of internal coordinates are used. For our 3D problem, one of the coordinates 1 should be frozen, whereas the two deformation coordinates, ␣ 1 and ␤ 1 , should be optimized. To avoid this practical limitation, we add new geometries to the first selected following the recommendation of Ref. 23 ͑for example, for ␥ 1 =30°,60°,120°,150°,...͒. These additional geometries lie close to the minimum energy structures and complete a set of 181 structures. Energies and geometries are fitted to an analytic function as in Eq. ͑1͒ after adding terms for the deformation coordinates that are minimized. This correction is called DihC in this paper.
The Hamiltonian was solved variationally using symmetry eigenvectors corresponding to the G 18 nonrigid group as trial functions ͑see Table VI shows the trans and cis-gauche levels for the nondegenerate symmetry species A 1 and A 2 up to 700 cm −1 ͑trans͒ and 800 cm −1 ͑cis-gauche͒. In Fig. 4 , the first energy levels are localized in the minima. Each 3D level i is localized in the trans and cis-gauche minima using the probability integral,
and classified using the vibrational quanta ͑vvЈvЉ͒. For this last purpose, we determine integrals for one-dimensional terms of the Hamiltonian in Eq. ͑2͒, 
For the lowest levels, the tunneling splitting is very small ͑Ͻ0.1 cm −1 ͒. It is necessary to go above 700 cm −1 to obtain significant gaps, where transitions are really weak at 273 K. Splittings larger than 0.1 cm −1 are expected for bands connecting excited states above ͑0,3,0͒ or ͑0,0,3͒. For the ethyl torsional modes, A 1 and A 2 levels over ͑7,0,0͒ are degenerate. For the gauche-form, fundamental transition splittings are also lower than 0.1 cm −1 . Table V summarizes the fundamental frequencies calculated with MP2 and CCSD. CCSD and MP2 harmonic and MP2 anharmonic frequencies are determined with the corresponding algorithms implemented in the Gaussian. CCSD͑T͒ and MP2 anharmonic ones are obtained by solving variationally a 3D Hamiltonian. Variational results are shown in three different columns: the two first column results ͑3D and 3D + ZPVE͒ have been performed with the definition of Ref. 27 for the methyl coordinates, whereas the third column results ͑3D + ZPVE+ DihC͒ have been achieved using the DihC method described above.
MP2 calculations allow one to compare PT2 and variational energies. It may be emphasized how the variational results for the trans-form ͑261.4, 211.3, and 118.1 cm −1 ͒ are in very good agreement with the PT2 anharmonic frequencies ͑259, 211, and 118 cm −1 ͒, which proves that the DihC correction is adequate for the correct coordinate definition. In the case of the cis-gauche-form, the 28 fundamental seems to be an exception ͑ 28 = 250.9 cm −1 with 3D + ZPVE + DihC, 28 = 242 cm −1 with PT2͒, but, as it lies over the trans → cis-gauche barrier ͑see Fig. 4͒ , the PT2 theory is responsible for the error since it fails in describing the interactions between both conformer levels. The evolution of CCSD results with the corrections is very similar to the MP2 one. ZPVE is the most important correction in models depending on the number of coordinates less than 3n −6. 24, 30 In EME, this is really evident for 30 , which is independent of the DihC correction defined for the CH 3 Table V shows also the trans fundamental frequencies for the CD 3 -O-CH 2 -CH 3 isotopomer. In this case, our calculations confirm the assignments of Durig et al.
14 Differences between calculations and observations are of the same order of magnitude for both isotopomers only if the new assignment for the hydrogenated species is taken into consideration. The EME-d 3 results confirm our new assignment for CH 3 -O-CH 2 -CH 3 . 31 Intensities have been computed at room temperature ͑see Tables VII and VIII͒ to simulate laboratory conditions, and at 10 K, to simulate interstellar environments. We employed the oscillator strength equation:
Here, E j − E i represents the transition frequency and P j and P i are Boltzmann populations; Wq is the nuclear statistical weight multiplied by the vibrational degeneration ͑see G 18  character table in Ref. 25͒ ; e, R, and B are the electron charge, the averaged internal rotation radius, and the kinetic energy parameter average, respectively, which are calculated using the equilibrium geometries since their change is unnoticeable in the intensities for transitions between low energy levels; is the dipole moment, which was calculated for each conformation at the MP2/cc-pVTZ level and later on fitted to an adapted symmetry Fourier series. For a near prolate as is EME, only type A and type C bands present prominent Q branches. In addition, for the out-of-plane torsional modes, only the C component is responsible for strong bands.
In Fig. 5 , the FIR spectra at 273 K ͑dashed line͒ and 10 K ͑solid line͒ are compared. Strongest bands correspond to 30 mode excitations, which carry out the most significant dipole moment variation. At 10 K, the single prominent bands are for the fundamental transitions. The differences in intensities between tunneling components arise from the nuclear statistical weights and the vibrational degeneration. E 1 and E 2 components show the largest intensities.
At 273 K, the transitions corresponding to the cisgauche conformer are very weak as a consequence of the Boltzmann population. For this reason, we believe that the medium intensity band observed at 202 cm −1 needs to be reassigned to the trans-form ͑ 29 mode͒. Previous assignments, based on the MP2 / 6-31G ‫ءء‬ harmonic calculations, need to be revised on the base of our new anharmonic frequencies performed at high level of theory ͓CCSD͑T͒/ccpVTZ͔.
Finally, in Table IX , rotational constants and the asymmetrically reduced Hamiltonian parameters calculated with MP2 ͑PT2͒ are shown. Expectation values of the CCSD rotational constants are also determined for the 3D-PES. Theoretical predictions are compared with the ground vibrational state parameters of Fuchs et al. 3 and first excited vibrational state rotational constants of Kobayashi et al. 
IV. CONCLUSIONS
In this paper, frequencies and intensities of the FIR spectrum of EME are predicted from a CCSD͑T͒/cc-pVTZ PES. The vibrational ZPVE correction of the PES and a careful definition of the coordinates allow one to obtain accurate variational energy levels.
By taking frequencies and intensities into consideration, a new assignment of previous experimental bands, congruent 
